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Physiologic basis for the maintenance of glomerulotubular balance in
young growing rats. To examine the physiologic basis of preservation of
glomerulotubular balance in young growing animals, we measured the
various determinants for fluid transfer across the glomerular and
postglomerular capillaries in young (--40 days, N = 8) and adult (N = 8)
male Munich-Wistar rats under mild volume expansion. The single
nephron (SN) GFR increased by =2.5-fold from young to adult animals.
The increase in SNGFR was due to marked rises in both glomerular
plasma flow rate (QA) and ultrafiltration coefficient (Kf). The increase in
QA was associated with a nearly 60% reduction in afferent and efferent
arteriolar resistances. As with SNGFR, the absolute proximal reabsorp-
tion rate (APR) increased by some 2.5-fold, indicating preservation of
perfect glomerulotubular balance. Of the factors determining peritubu-
lar capillary uptake of APR, the mean oncotic pressure difference
across the peritubular capillary was similar in young and adult animals.
The mean hydraulic pressure difference was also comparable in the two
groups. By contrast, the peritubular capillary reabsorption coefficient
(Kr) rose markedly and accounted entirely for the increase in peritubu-
lar capillary uptake of APR during growth. These results obtained under
mild volume expansion indicate that the maintenance of glomerulotubu-
lar balance in the growing rat requires harmonious growth of renal
microcirculation, that is, glomerular capillary (C Kf) and artenolar (C
QA) maturation balances the development of peritubular capillary (f
Kr).
Bases physiologiques du maintien de Ia balance glomerulotubulaire
chez des rats jeunes en croissance. Afin d'examiner les bases physiologi-
ques de Ia preservation de Ia balance glomérulotubulaire chez des
animaux jeunes en croissance, nous avons mesuré les différents deter-
minants du transfert liquidien a travers les capillaires glomerulaires et
postglomerulaires chez des rats males Munich-Wistar jeunes (--40
jours, N = 8), et adultes (N = 8), au cours d'une expansion volemique
modérée. La GFR nephronique individuelle (SN) s'est elevee de —2,5-
fois des animaux jeunes aux animaux adultes. L'augmentation de
SNGFR était due a des élévations marquees du debit plasmatique
glomerulaire (QA) et du coefficient d'ultrafiltration (Kf). L'augmenta-
tion de QA était associee avec une reduction de presque 60% des
resistances artériolaires afférentes et efférentes. De méme que pour
SNGFR, le debit absolu de reabsorption proximale (APR) s'est élevé de
2,5-fois, indiquant le maintien d'une balance glomerulotubulaire par-
faite. Parmi les facteurs determinant Ic passage capillaire peritubulaire
d'APR, Ia difference de pression oncotique moyenne a travers Ic
capillaire peritubulaire était identique chez les animaux jeunes et
adultes. La difference de pression hydraulique moyenne était également
comparable dans les deux groupes. En revanche, Ic coefficient de
reabsorption capillaire péntubulaire (Kr) s'est eleve de facon marquee
et était entierement a l'origine de l'élévation du passage capillaire
peritubulaire d'APR pendant Ia croissance. Ces resultats obtenus
pendant une expansion volemique modérée indiquent que le maintien
de Ia balance glomerulotubulaire chez le rat en croissance necessite une
croissance harmonieuse de Ia microcirculation renale qu'est, Ia matura-
tion du capillaire glomerulaire (f K) et arteriolaire (1' QA) equilibre le
développement du capillaire peritubulaire (C Kr).
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Changes in glomerular filtration rate (GFR) are regularly
accompanied by directionally similar and roughly proportional
changes in the rate of fluid reabsorption by the proximal tubule
[1]. This phenomenon of glomerulotubular balance has been
demonstrated in a variety of physiological and pathophysiolog-
ical circumstances, including during the normal maturation and
growth of the kidney [2—14]. Thus, in both whole kidney and
single nephron studies, progressive increase in GFR occurring
from birth to adulthood has been shown to be paralleled by a
similar increase in proximal solute and water reabsorption [6—8,
15]. Due to this balance, a large portion of fluid lost from the
circulation via filtration continues to return to the circulation,
and body fluid homeostasis is preserved throughout the matura-
tional course. Previous studies have characterized structural
and biochemical changes accompanying the glomerulotubular
balance in growing animals [9, 10, 16—20]. To examine the
functional basis for this balance, we measured pressures and
flows governing fluid exchanges across both glomerular and
postglomerular capillaries in young and adult animals.
Methods
Studies were performed in 16 male Munich-Wistar rats.
These comprised two separate age groups, namely 38- to 43-
day-old (group 1, N = 8) and 90- to 130-day-old rats (group 2, N
= 8). All rats were allowed free access to tap water and
standard rat chow until the day of the experiment. The animals
were anesthetized with mactin (70 mg/kg for group 1; 100 mg/kg
for group 2, i.p.) and placed on a temperature-regulated micro-
puncture table. Each animal underwent a tracheostomy. In-
dwelling polyethylene catheters were inserted into the right and
left jugular veins for infusions of inulin and isoncotic rat plasma.
The left kidney was then exposed by ventral midline and
subcostal incisions, suspended on a holder (Lucite®); its surface
was illuminated with a fiber-optic light source and bathed with
0.9% NaC1 heated to 35 to 37°C. The left femoral artery was
catheterized for periodic sampling of blood and the recording of
mean arterial BP (AP). (Please refer to the Appendix for a
complete glossary of abbreviations and symbols.) AP was
monitored with an electronic transducer (model P-23Db,
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Statham Instruments Division, Gould, Inc., Oxnard, Califor-
nia), connected to a direct writing recorder (model 2200,
Gould). Homologous rat plasma was infused in accordance with
a previously published study to restore plasma volume loss
during surgical preparation [21]. In addition, to facilitate the
micropuncture measurements of cortical interstitial hydraulic
pressure (P1) and the collections of renal hilar lymph samples in
both young and adult rats, each rat was given an intravenous
infusion of a volume of isotonic saline equal to 3% body wt
administered in a period of 45 mm. Late surface convolutions of
proximal tubules were located by observing the passage of
lissamine green dye which was injected rapidly (0.03 to 0.05 ml
of a 5% solution) into the right jugular vein catheter. Inulin
(10%) in 0.9% NaC1 (0.45 ml/hr for group 1 and 1.2 mllhr for
group 2) was infused throughout the study.
In all experiments, micropuncture measurements and collec-
tions were carried out as follows: exactly timed (1 to 2 mm)
samples of fluid were collected from surface late proximal
convolutions from each of one to three nephrons for determina-
tion of flow rate, inulin concentration, and calculation of tubule
fluid-to-plasma inulin concentration ratio, hence, single neph-
ron GFR (SNGFR) and absolute proximal fluid reabsorption
(APR). The rate of fluid collection was adjusted to maintain a
column of polymer oil 3 to 4 tubule diameters in length in a
constant position just distal to the site of puncture. Coincident
with the tubule fluid collection, femoral arterial blood samples
were obtained for determination of hematocrit and plasma
inulin concentration.
Hydraulic pressures were monitored in accessible surface
structures with a continuous recording, servo-null micropipette
transducer system (model 3, Instrumentation for Physiology
and Medicine, San Diego, California). Micropipettes with an
outer tip diameter of 1 to 2 m containing 2.0 M NaC1 were
used. Hydraulic output from the servo-null system was coupled
electronically to a second channel of a recorder (Gould) by
means of a pressure transducer. Direct measurements of time
average hydraulic pressures were recorded in single capillaries
of surface glomeruli (PGC), proximal tubules (PT), efferent
arterioles (PE), and distal most branches of the peritubular
capillaries (Pc). Using the same device, subcapsular space
hydraulic pressure was also measured, and values were taken to
represent cortical interstitial hydraulic pressure (P1) as de-
scribed in detail previously [3, 22].
Protein concentrations of plasma entering glomerular (CA)
and peritubular capillaries (CE) were determined by analyzing
femoral arterial and surface efferent arteriolar blood plasrnas,
respectively. These inlet estimates of pre- and postglomerular
plasma protein concentration also permit calculation of single
nephron filtration fraction (SNFF) and initial glomerular (QA)
and peritubular (QE) capillary plasma flow rates (23). Oncotic
pressures of afferent (HA) and efferent (HE) arteriolar plasmas
were calculated from values of CA and CE, respectively [23].
Renal lymph was obtained by inserting micropipettes (outer tip
diameter of —25 tm) into an intact renal hilar lymph vessel.
Since renal lymph is thought to originate primarily in the cortex
[24], interstitial oncotic pressure (H1) was estimated from the
value of protein concentration of this lymph fluid [25].
The volume of fluid collected from individual end-proximal
tubules was estimated from the length of the fluid column in a
constant-bore capillary tube of known internal diameter. The
concentration of inulin in tubule fluid was measured in duplicate
by the method of Vurek and Pegram [26]. Inulin concentrations
in plasma were determined by the macroanthrone method of
FUhr, Kazmarczyk, and Kruttgen [27]. CA and CE were deter-
mined, usually in duplicate, using the fluorometric method of
Viets et al [28]. Protein concentration in hilar lymph fluid was
determined with an ultramicrocolorimeter, using a microadap-
tation [29] of the method of Lowry et al [30].
Single nephron glomerular filtration rate calculated by
SNGFR = (TF/P)1 x VTF, where (TF/P)1 and VTF refers to
tubule fluid-to-plasma inulin concentration ratio and tubule
fluid flow rate, respectively. According to the Starling relation-
ship, SNGFR is given by SNGFR = Kf X PUF, where Kf and
P UF represent glomerular capillary ultrafiltration coefficient
and mean net ultrafiltration pressure, respectively. Kf and
resistances of single afferent (RA) and efferent (RE) arterioles
were calculated using equations described in detail elsewhere
[31. Single nephron filtration fraction is given by SNFF = 1 —
(CA/CE); initial glomerular plasma flow rate, QA =
SNGFRJSNFF; efferent arteriolar plasma flow rate, QE = QA —
SNGFR.
Using the values of (TFIP)1 and VTF at the late proximal
tubule, absolute fluid reabsorption to the end of the proximal
tubule is given by APR = SNGFR — VTF. The Starling
relationship applied to the peritubular capillary predicts the rate
of peritubular capillary uptake of APR to be APR = K X r
where K and Pr represent peritubular capillary reabsorption
coefficient and mean net reabsorptive pressure, respectively.
Kr and Pr as well as mean peritubular capillary hydraulic (Pc)
and oncotic (lIc) pressures were calculated based on the
mathematical model developed by Deen, Robertson, and Bren-
ner [25] and Blantz and Tucker [22]. Statistical analyses were
performed by Student's t test where appropriate. Statistical
significance is defined as P < 0.05.
Results
Table 1 summarizes mean values for a number of indices of
glomerular hemodynamics in superficial nephrons of groups 1
and 2 animals. Although these measurements were made under
slightly volume-expanded conditions, the differences observed
between these two age groups were qualitatively similar to
previous studies conducted under euvolemic conditions [31].
The mean values for AP were comparable between the young
and adult rats. Average value for Hct was 43 vol% 1 in the
young and 47 1 in adults. Values for SNGFR measured in the
young rats (group 1) averaged 15.7 nl/min 1.3, a value only
—-40% of the mean value of 39.3 2.2 found in adult rats (group
2). This more than twofold maturational increase in SNGFR
was proportionally greater than the increase in kidney weight,
which in young rats averaged about 60% of adult kidney
weights.
Glomerular plasma flow rate, QA, in young rats averaged 47.7
nllmin 4.5, a value only one third of that in group 2 adult rats.
The average value for SNFF of 0.35 0.02 in young rats was
slightly but not significantly higher than 0.30 0.03 for adult
rats. As shown, values for PGC were also essentially identical in
these two groups, 45.9mm Hg 1.2 in the young versus 47.1
0.7 in adults. Since values for pr were slightly higher in the
young, averaging 15.9 mm Hg 0.8 compared with 12.5 0.4
in adult rats, mean glomerular transcapillary hydraulic pressure
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Table 1. Summary for the determinants of superficial single nephron GFR
Body wt Kidney wt
g
AP
mm Hg
SNGFR °A
ni/mm SNFF
POC PT
CA
gidi
RA
x1010 dyn
RE
e s cm5 K,-ni/(s mm Hg)mm Hg
Group I
Young(N = 8)
124
4
0.66
0.04
101
2
15.7
1.3
47.7
4.5
0.35
0.02
45.9
1.2
15.9
0.8
30.0
1.0
4.8
0.1
5.3
0.5
3.4
0.5
0.038
0.006
Group 2
Adult
(N = 8)
282
12
1.08
0.05
107
3
39.3
2.2
157.6
26.9
0.30
0.03
47.1
0.7
12.5
0.4
34.6
0.9
5.3
0.2
2.0
0.2
1.4
0.2
0.078
0.018
P value <0.001 <0.001 NS <0.001 <0.001 NS NS <0.025 <0.005 NS <0.001 <0.005 <0.025
See the Appendix for the definitions of abbreviations and symbols in this table.
difference, P, or PGC —PT, was calculated to be slightly lower
in young than in adult rats, on the average by 4 to 5 mm Hg. RA
and RE in young rats were two to three times the values in adult
rats. RA decreased from a mean of 5.3 x lOb dyne sec cm5
0.5 to 2.0 0.2 and RE fell from an average of 3.4 0.5 to 1.4
0.2, contributing to the markedly lower level of QA in the
former group. CA was slightly but not significantly lower in
young compared with adult rats. Finally, values for ultrafiltra-
tion coefficient, Kf, averaged 0.038 nlI(sec mm Hg) 0.006 in
young rats, a value less than half of the mean adult level of 0.078
0.018. Fractional proximal reabsorption indicated by the
values of (TF/P)1 at the late proximal tubule (Table 2) were
virtually identical between young and adult rats'. The absolute
proximal reabsorption of fluid, APR, however, averaged 5.8
nilmin 0.6 in the young, a value some 2.5-fold lower than the
average value of 15.0 0.9 found in adult animals. The various
factors determining postglomerular fluid exchange were mea-
sured and the results are also given in Table 2. The oncotic
pressure at the beginning of the peritubular capillary, 11E was
comparable between the two groups averaging 27.9 mm Hg
1.5 in the young and 27.5 2.3 in the adults. The oncotic
pressure averaged over the entire length of the peritubular
capillary, 11c was also comparable averaging 23.9 mm Hg
1.3 in young and 24.2 1.6 in adults. The rate of plasma
entering the peritubular capillary, QE, was markedly higher in
the adult animals (118.7 nI/mm 27.0 vs. 31.4 3.4). The
interstitial oncotic pressure, fly, was higher in adult rats when
compared to young, averaging 5.1 mm Hg 1.0 vs. 2.3 0.3.
Due to the higher values for fl1 in the adult rats, values for mean
peritubular transcapillary oncotic pressure difference (H),
were slightly but not significantly lower in the adult animals.
The hydraulic pressure in the earliest part of the peritubular
capillary, PE, was slightly, but not significantly, lower in the
adults, that is, 18.0mm Hg 1.1 in adult rats versus 19.6 0.9
in the young. The average hydraulic pressure along the peritu-
bular capillary, Pc, was also slightly, and not significantly,
lower in the adult animals, averaging 13.2 mm Hg 0.5 versus
14.2 0.5 in young animals. The interstitial hydraulic pressure,
'The values for (TF/P), are somewhat lower than previously report-
ed values [321. However, those studies were performed under hydro-
penia, that is, without replacement of volume lost during surgical
preparation [21]. Recent studies performed under euvolemic conditions
[33] found values for (TF/P)1 (-=1.7) which are similar to values
obtained in the present study.
P1, was virtually identical in these two groups. As a conse-
quence, the transcapillary hydraulic pressure difference, P,
was similar between the two groups, averaging 11.9 mm Hg
0.6 in young rats and 10.5 0.6 in adults. Overall, the net
peritubular transcapillary reabsorption pressure, Pr, averaged
9.7mm Hg 1.7 in the young animals, a value only slightly but
not significantly higher than the mean value of 8.5 1.7 in the
adults. Finally, the peritubular capillary reabsorption coeffi-
cient, Kr, was calculated to increase substantially from a mean
of 0.014 nlI(s mm Hg) 0.004 in the immature rat to a mean of
0.034 0.006 in adult rats (P < 0.025).
Discussion
The present micropuncture measurements of glomerular
pressures and flows in mildly volume-expanded rats essentially
duplicate the results obtained by us previously in euvolemic
animals [31]. In the present study, we found nearly a 2.5-fold
increase in SNGFR between immature and adult animals. Of
the four variables determining the level of SNGFR, values for
glomerular plasma flow rate, and ultrafiltration coefficient were
found to increase by some three- and twofold, respectively; the
former was in association with exhibited reduction in arteriolar
resistances. This, and previous studies [31. 34, 35], indicate
that these markea increases in QA and Kf are primarily respon-
sible for the increase in SNGFR after —40 days of age. The
growth-related increase in the ultrafiltration coefficient and
decrease in arteriolar resistances were presumed to reflect
physical growth of the renal microvascular tree. Estimates of
glomerular capillary surface area have been shown to increase
dramatically during maturation in rats and dogs [36, 37]. Like-
wise, an increase in arteriolar diameter was shown by some
[38], although not all [34], investigators.
In our previous study [31], aside from this maturational
pattern of glomerular hemodynamics, we failed to find any
apparent changes in peritubular intracapillary forces to explain
an increase in proximal reabsorption or maintenance of glomer-
ulotubular balance during development. Immediate postglomer-
ular plasma protein concentration and single nephron filtration
fraction were measured and found comparable between young
and adult animals. The hydraulic pressures measured at the
distal most end of the surface peritubular capillaries were also
comparable between young and adult rats. We were, therefore,
left with the possibility that the increase in postglomerular fluid
transfer and preserved glomerulotubular balance in growing
rats is due to either changes in extracapillary forces (that is,
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Table 2. Summary for the determinants of superficial peritubular capillary fluid uptake in young and adult animalsa
APR
ni/mm (TF/P)1
QE
ni/mm
tIE [Ic H MI PE Pc' Pc P1 AP Pr
Kr
ni/(s mm Hg)mm Hg
Group I
Young(N = 8)
5.8 1.61
0.06
31.4
3.4
27.9
1.5
23.9
1.3
2.3
0.3
21.7
1.3
19.6
0.9
8.9
0.2
14.2
0.5
2.4
0.3
11.9
0.6
9.7
1.7
0.014
0.004
Group 2
Adult
(N = 6)
15.0
0.9
1.64
0.07
118.7
27.0
27.5
2.3
24.2
1.6
5.1
1.0
19.1
2.2
18.0
1.1
8.3
0.4
13.2
0.5
2.6
0.2
10.5
0.6
8.5
1.7
0.034
0.006
P value <0.001 NS <0.001 NS NS <0.005 NS NS NS NS NS NS NS <0.025
a See the Appendix for the definitions of abbreviations and symbols in this table.
a-
00
\
Growth ot afferent & Growth of glomerular Growth of peritubular
efferent arterioles capillary capillary
Fig. 1. Summary of proposed mechanism for
main Lena, .ce glomerulotubular balance during
maturation. Values are expressed in arbitrary
units. Abbreviations are: QA. glomerular
plasma flow rate; K, glomerular ultrafiltration
coefficient; SNGFR, single nephron GFR;
APR, absolute proximal tubule reabsorption;
Kr, peritubular capillary reabsorption
coefficient.
interstitial oncotic and/or hydraulic pressures), an increase in
peritubular capillary reabsorptive coefficient, or a combination
thereof. Therefore, in the present study, we sought to define all
of the forces determining transcapillary fluid exchange across
the peritubular capillary in young and adult rats. As described
in Methods, technical limitations for sampling renal lymph fluid
and measuring interstitial hydraulic pressure in small young
animals necessitated mild volume expansion to carry out these
experiments. In this regard, the Hct of systemic arterial blood
measured in the present experiments was not lower than those
we obtained previously in young and adult euvolemic rats (311.
This indicates that the degree of intravascular expansion
achieved after the saline infusion was similarly minor in both
young and adult animals. In addition, the (TF/P)1 obtained in
the present study were quite comparable to the values mea-
sured in euvolemic conditions [331.
As with the values for SNGFR, APR increased by some 2.5-
fold between young and adult animals, indicating maintenance
of perfect glomerulotubular balance during the period of growth
studied. Of the various determinants of peritubular capillary
fluid uptake, the intravascular oncotic pressure was comparable
between the two groups. Although the interstitial oncotic
pressure was lower in the young, the disparity in this value did
not affect the average peritubular oncotic pressure difference,
which was also similar between the young and adult animals
studied.
Due to comparable values in both intra- and extra-capillary
hydraulic pressures along the entire length of the capillary, the
transcapillary hydraulic pressure difference was also not signifi-
cantly different between the young and adult animals. Thus, the
net Starling forces across the pentubular capillary were again
quite comparable between the two groups. These findings
necessitate the conclusion that the mechanism capable of
explaining the increase in pentubular transcapillary fluid trans-
fer from young to adult rats is due to a progressive rise in
peritubular capillary reabsorption coefficient, Kr. Indeed the
average calculated Kr value in adult rats was more than twofold
higher than the average value for immature rats. Nevertheless,
there is evidence to suggest that animals even more immature
than those evaluated in the present study may have additional
factors contributing to the low level of APR. In rats younger
than 40 days, the value for (TF/P)1 was measured at the late
proximal tubule to be substantially lower than those in older
animals [39J. Whereas the lower intracapillary hydraulic pres-
sure in very young animals [13] is expected to favor higher fluid
reabsorption, lower systemic plasma protein concentration [7,
13] and lower filtration fraction [7, 401, hence lower peritubular
intracapillary oncotic pressure maintain the net peritubular
reabsorptive forces at low level.
The level of Kr, independent of changes in the peritubular
capillary Starling forces, has been shown to be capable of
modulating the peritubular transcapillary fluid uptake in several
Kr
SNGFR \
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Appendix
Abbreviations/Symbols
AP Mean femoral arterial pressure, mm Hg
APR Absolute proximal fluid reabsorption rate, ni/mm
C Protein concentration, g/dl
Hct Blood hematocrit in femoral artery, vol%
Kf Glomerular capillary ultrafiltration coefficient,
nl/(s mm Hg)
Peritubular capillary reabsorption coefficient,
nl/(s mm Hg)
Hydraulic pressure, mm Hg
Net peritubular capillary reabsorptive pressure,
mm Hg
Net glomerular capillary ultrafiltration pressure,
mm Hg
Glomerular or peritubular capillary hydraulic pressure
difference, Poc — PT or P — P,, mm Hg
Oncotic pressure, mm Hg
Peritubular transcapillary oncotic pressure difference,
— II,, mm Hg
Plasma flow rate, nI/mm
Resistance to blood flow, xlO'° dyne s cm5
Single nephron filtration fraction
Single nephron glomerular filtration rate, ni/mm
Late proximal tubule fluid-to-plasma inulin
concentration ratio
Late proximal tubule fluid flow rate, nl/min
Superscript
Afferent arteriole
Peritubular capillary
Distal-most peritubular capillary
Efferent arteriole (that is, proximal most peritubular
capillary)
Glomerular capillary
Cortical interstitium
Proximal tubule
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